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Abstract

Animal studies are very useful in detection of early disease indicators and in unravelling the pathophysiological processes
underlying core psychiatric disorder phenotypes. Early indicators are critical for preventive and efficient treatment of
progressive psychiatric disorders like anorexia nervosa. Comparable to physical hyperactivity observed in anorexia nervosa
patients, in the activity-based anorexia rodent model, mice and rats express paradoxical high voluntary wheel running
activity levels when food restricted. Eleven inbred mouse strains and outbred Wistar WU rats were exposed to the activity-
based anorexia model in search of identifying susceptibility predictors. Body weight, food intake and wheel running activity
levels of each individual mouse and rat were measured. Mouse strains and rats with high wheel running activity levels
during food restriction exhibited accelerated body weight loss. Linear mixed models for repeated measures analysis showed
that baseline wheel running activity levels preceding the scheduled food restriction phase strongly predicted activity-based
anorexia susceptibility (mice: Beta = —0.0158 (*=0.003 SE), P<<0.0001; rats: Beta = —0.0242 (*=0.004 SE), P<<0.0001)
compared to other baseline parameters. These results suggest that physical activity levels play an important role in activity-
based anorexia susceptibility in different rodent species with genetically diverse background. These findings support
previous retrospective studies on physical activity levels in anorexia nervosa patients and indicate that pre-morbid physical

Editor: Abraham A. Palmer, University of Chicago, United States of America

* E-mail: m.j.h.kas@umcutrecht.nl

activity levels could reflect an early indicator for disease severity.
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Introduction

Eating disorders are severe psychiatric illnesses with high
morbidity and mortality. Particularly anorexia nervosa (AN) has
the highest mortality rate among psychiatric disorders [1,2]. AN
affects young females and has an incidence rate of around 0.9%
[3]. Hallmark of the illness is a low a body weight and the refusal
to maintain a normal body weight [4]. Various risk factors have
been identified and genetics is found to play a role in the
development of AN [5,6,7,8,9,10]. However, little is known about
aetiology or predictive factors of this disease. Identifying predictive
factors of specific AN phenotypes, such as physical hyperactivity
[11,12], could improve the treatment approach and increase
treatment efficacy.

Physical activity levels are important in AN; they play a role in
the onset and maintenance of illness [13,14,15] and have an
influence on the recovery rate [16,17,18]. High activity levels may
precede dieting [19], suggesting that pre-morbid physical activity
may be a predictor of illness course during times of reduced food
intake. During the illness, regardless of low body weight, an
increase in physical activity is observed [12,20]. The effects of
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limited food intake and hyperactivity under these conditions can
be modelled in animals [21,22].

Animal studies take place under controlled genetic and
environmental conditions, minimizing their complex interaction
effects on phenotypic heterogeneity. They may provide novel
insights in pre-morbid factors that can affect and/or predict the
course of the disorder. This is a challenge in human studies, as
currently the research on these factors is determined either via
cross-sectional or retrospective studies. Longitudinal prospective
studies are very sparse (e.g. Nicholls & Viner [23]) and face the
difficulty of low incidence rate. Activity based anorexia (ABA) is an
animal model of pathophysiological processes of AN where the
combined effects of daily scheduled limited food availability and
voluntary running wheel activity mimic the physical hyperactivity
behaviour observed in AN patients while their food intake is
severely reduced. In this model, rodents have unlimited voluntary
access to a running wheel throughout the experiment, while food is
ad libitum available for a limited period at the same time during
several consecutive days [21,22]. The resulting physical hyperac-
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tivity under this conditions is a core feature of this model [24,25]
and has clinical relevance [26,27].

Previous studies performed in our laboratory mapped the
hyperactivity behaviour in chromosome substitution (CS) strain
mice and has identified CS strains becoming hyperactive or being
susceptible to this model [28]. Following these results, we
continued our research focusing on the question: which factors
could influence and/or predict susceptibility to the model? By
using this animal model, we investigated the response of 11
different inbred mice strains and a set of outbred Wistar WU rats,
to daily scheduled food restriction and studied the relationship
between their baseline phenotypes and their ABA susceptibility.

Materials and Methods

Ethics Statement

All animal experiments were approved by the Animal Exper-
imentation Committee of University Medical Centre Utrecht and
were carried out in agreement with the Dutch Law (Wet op de
Dierproeven, 1996) and European regulations (Guideline 86/609/
EEC).

Animals and housing

Initial breeding pairs of the inbred mouse strains were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA). The mice
used in the experiment were bred at the Rudolf Magnus Institute
of Neuroscience animal facility. The following strains were tested:
A/J (n=18) JAX stock # 000646), AKR/J (AKR n = 8) (JAX stock
#000648), BALB/cBy] (BALB n=7) (JAX stock # 001026),
C3H/He] (C3H n=12) JAX stock # 000659), C57BL/6] (B6]
n=10) (JAX stock # 000664), CAST/Ei] (CAST n=38) JAX
stock # 000928), DBA/2] (DBA n=7) (JAX stock # 000671),
FVB/NJ (FVB n = 8) JAX stock # 001800), KK/HIJ (KK n=10)
(JAX stock # 002106), NZW/Lac] (NZW n=10) JAX stock #
001058) and WSB/Ei] (WSB n=10) JAX stock # 001145). The
selected strains are part of Mouse Phenome Database (MPD)
priority  strains, Tier 1  (http://phenome.jax.org/db/
q?rtn = strains/search&reqgpanel = MPD). Following weaning at
34 weeks, female and male mice were separately housed in
groups (2-5 mice per cage) in cages (Macrolon ® Tecniplast,
Milan, Italy). Outbred Wistar WU rats (n=34) were obtained
from Harlan (Horst, The Netherlands) and were individually
housed upon arrival. The housing facilities were maintained on
a 12:12 h dark/light cycle with an ambient temperature of
21.0%2°C and humidity of 55%10%. During this period, the mice
and rats were given water and food ad lbitum (Rat and Mouse
Breeder and Grower, Special Diet Services, Essex, England). For
this study we used test-naive 3-4 months old female mice and
female rats, because of the high prevalence of AN in females [2].

Surgical procedures for rats

One week after arrival, all rats received transmitters (TA10TA-
F40; Data Sciences International, St Paul, Minnesota, USA) in the
abdominal cavity under fentanyl-fluanisone (0.1 mL/100 g body
weight, i.m.; Hypnorm, Janssen Pharmaceutica, Beerse, Belgium)
and midazolam (0.05 mL./100 g body weight, i.p.; Dormicum,
Hoffman-LaRoche, Mijdrecht, The Netherlands) anaesthesia.
After surgery, rats were treated with carprofen (0.01 mL/100 g
body weight, s.c.; Rimadyl, Pfizer Animal Health, Capelle a/
d Ijssel, The Netherlands) and saline (3 mL, s.c.) and allowed to
recover for 2 weeks. With these transmitters, the locomotor
activity, while not in the wheel, was measured continuously.
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Experimental procedure

After an adaptation phase in individual cages where the rodents
had ad libitum access to food, water and running wheel, they were
exposed to a daily restricted feeding schedule (restriction phase);
mice for 4 consecutive days and rats for 5 consecutive days. The
adaptation phase was 7 days for mice and 10 days for rats; from
our previous experiments it was observed that rats need few more
days to adapt to the presence of a wheel. During this period, food
(for mice 5 pellets and for rats 12 pellets of about 1.2 g each with
an energy intake of 3.31 kilocalorie (kcal) per gram) was available
only in the beginning of the dark phase for 2 hrs for the mice and
1.5 hrs for the rats.

Baseline measures for body weight and food intake were
generated on the basis of the average value during the last three
days of the adaptation phase (measured just before the dark
period). During these days, the animals were left undisturbed until
the start of the restriction phase. Baseline wheel running activity
(wheel revolutions) (WRA) levels were determined as the average
WRA of the last two days of the adaptation phase, just before the
restriction phase, when the activity levels are stable. WRA levels
were measured daily during the restriction phase.

The transmitters implanted in the rats were switched on by
magnetic field induction during the baseline phase of the
experiment. Baseline locomotor activity levels (LMA) were de-
termined as the average LMA of the last two days of the
adaptation phase. The recording was continuous during the
restriction days. For a group of rats (n = 6) because of a technical
malfunction, there were no LMA recordings for days 2 and 3 of
the restriction phase.

The level of body weight loss during the scheduled food
restriction days was selected as a measure of susceptibility to the
ABA. In mice, if a mouse lost 15% or more of their baseline BW
on any experimental day, that mouse was taken out of the
experiment (based on the ethical humane endpoint criteria) and
was considered susceptible to ABA. In rats, if a rat lost 25% or
more of their baseline body weight on any experimental day, that
rat was taken out of the experiment (based on the ethical humane
endpoint criteria) and was considered susceptible to ABA. Based
on the level of body weight loss, a second dichotomous variable for
ABA susceptibility was generated, with each individual mouse and
rat assigned a value whether it was susceptible or not. In this way,
a percentage of mice within each strain and a percentage of rats
that were susceptible to activity based anorexia model (ABA) 1.c.
that could not maintain the body weight above 85% (mice) and
75% (rats) of their baseline body weight, was determined.

Statistical analysis

The data were expressed as means with standard error of the
mean (SEM) unless otherwise specified. One sample Kolmogorov-
Smirnov test was used to check the Gaussian distribution and
Levene’s test was used for the homogeneity of variances.

To assess the effects of the baseline parameters (body weight,
food intake, activity and food intake per body weight, and in rats
also locomotor activity levels based on telemetry data) as predictive
factors, linear mixed models for repeated measures analysis, which
takes into account the longitudinal data and within-mouse
correlations, were used. To analyze the susceptibility to the
model, body weight loss during the restriction phase was used as
the dependent variable. Animal’s identification number was
entered as random effects, while in the fixed effects, the days of
the experiment and each of the baseline factors were entered. To
check whether there was a specific mouse inbred strain that
contributed to the effect of these factors, the analysis was repeated
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with each of the mouse inbred strains being taken out of the
analysis in turns.

Two-sided P values of <0.05 were considered statistically
significant. The effects were expressed as standardized beta (Beta)
with standard error (SE), denoting the change in dependent
variable with one standard deviation change of the independent
variable. Spearman’s coeflicient of rank correlation was used for
correlation analysis as the data were not normally distributed.
Significance was set at P<<0.05.

Statistical analysis was carried out using SPSS 15.0 for Windows
(SPSS, Chicago, IL, USA).

Results

Baseline parameters

Inbred mouse strains. There was a wide distribution of
baseline body weight between strains. However, the majority of
the strains had a baseline body weight (BW) between 20 g and
26 g. CAST and WSB mice had the lowest BW with 13.72 ¢
(£0.09 SEM) and 16.27 g (£0.24 SEM), respectively. On the
other side of the baseline body weight spectrum are NZW and KK
strains with a BW of 32.99 g (£0.71 SEM) and 38.94g (£0.92
SEM), respectively (figure 1A). Food intake (FI) among strains
varied, with FVB strain having the highest baseline FI 21.60kcal
(£0.77 SEM) followed closely by BALB strain 19.51kcal (0.53
SEM; figure 1B). When individual levels of food intake were
corrected for individual levels of body weight, CAST strain had
the highest food intake per body weight (FI/BW) levels (1.22kcal
*0.06 SEM); followed by FVB strain (0.95kcal *£0.04 SEM;
figure 1C). Baseline WRA levels ranged from approx. 750 to
35000 revolutions per day, corresponding to 0.33 and 15.58 kilo-
metres (km) per day, respectively (figure 1D).

Wistar WU rats. The rats’ baseline body weight ranged
between 194 and 253 g, and their food intake was between 55.38
to 81.33kcal. Food intake corrected for body weight was between
0.25 to 0.37kcal (data not shown). Baseline WRA levels were from
approx. 270 to 13400 corresponding to 0.3 to 13.4 km. Non-
specific locomotor activity levels (measured via the telemetry
system) were between approx. 525 and 6500 counts (data not
shown).

Predictive factors for ABA susceptibility

Inbred mouse strains. Nearly half of the strains were
particularly susceptible in this model. Within these strains, less
than 25% of the mice remained at a BW level above 85% of their
baseline BW until the end of the experimental days (figure 2).

Linear mixed models for repeated measures analysis revealed
that among baseline factors (BW, FI and WRA), WRA levels had
the strongest effect on ABA susceptibility (body weight loss), based
on Beta estimate (Beta = —0.0158 (+0.003 SE), P<<0.0001). BW
was the second factor (Beta =0.0118 (£0.003 SE), P=0.0005)
and FI was third (Beta = —0.0102 (£0.004 SE), P=0.0057). The
derived baseline FI/BW had also a significant effect (Beta =
—0.0106 (%£0.004 SE), P=0.0041). The interaction of the derived
FI/BW and baseline WRA levels (FBxW) had also a strong effect
on ABA susceptibility, where the effect of WRA levels was
increased with the effect of FI/BW (Beta =0.0199 (£0.004 SE),
P<<0.0001).

The high predictive value of baseline WRA levels for ABA
susceptibility was not dependent on a specific genetic background,
as was revealed by a repeated single strain exclusion analysis (data
not shown). Based on this additional analysis, I'I became an non-
significant predictor when FVB strain was taken out (Beta =
—0.0053 (*0.004 SE), P=0.164). Similarly, when NZW strain
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was taken out, FI/BW had no longer a significant effect (Beta =
—0.0066 (*0.004 SE), P=0.0810). Further, also the FBxW
interaction effect was also driven by one strain, CAST strain.
When CAST strain was taken out of the analysis FBxW
interaction effect was non-significant (Beta =0.0059 (+0.003
SE), P =0.080), indicating that these specific strains dominated the
effects of these measures.

Wistar WU rats. In the five days of daily scheduled food
restriction Wistar WU rats lost weight, however, none of them
reached the humane end point criteria (25% body weight loss).
Linear mixed models for repeated measures analysis showed that
only physical activity measures, WRA and LMA levels, had
a significant effect on the level of body weight loss. Among the two,
WRA levels had the strongest effect (WRA Beta = —0.0242
(£0.004 SE), P<0.0001; LMA Beta = —0.0151 (%£0.005 SE),
P=0.005). The derived baseline FI/BW had no effect on body
weight loss and there was no interaction with baseline WRA or
baseline LMA levels.

Correlations

Inbred mouse strains. Based on all individual values,
baseline BW was not correlated with baseline FI, but was weakly
and negatively correlated to baseline WRA levels (r, = —0.380,
P<0.001; data not shown). Baseline FI was also weakly correlated
to baseline WRA levels, but in a positive direction (ry =0.418,
P<0.001; data not shown). There was a positive correlation
between baseline WRA levels and FI/BW (r; =0.609, P<<0.0001).
Baseline WRA and WRA levels on restrictive days (R) 1, 2, 3 and 4
were strongly positively correlated to each other (R1 (n=98) r
=0.885, P<0.0001; R2 (n=98) r, =0.767, P<0.0001; R3 (n=78)
r, =0.768, P<<0.0001; R4 (n =64) r, =0.593, P<<0.0001). Figure 3
shows the correlation of baseline and restriction days 2 (R2) WRA
levels, where all the mice are still in the experiment. Restriction
days WRA levels were also negatively correlated ABA suscepti-
bility (dichotomous variable) (R1 (n=98) (ry = —0.575,
P=<0.0001; R2 n=98) r, = —0.573, P=<0.0001; R3
n=78) r, = —0.360, P=0.001; R4 (n =64) r, = —0.365,
P=0.003; overlay figure 4).

Wistar WU rats. Unlike inbred mouse strains, there was
a significant but weak correlation between baseline BW and
baseline FI (r=0.425, P=0.012). Nor FI either FI/BW were
correlated to WRA levels or to LMA levels (data not shown).
Baseline BW was also not correlated to WRA levels or to LMA
levels (data not shown). There was a positive correlation between
baseline levels of WRA and LMA (r; =0.651, P<<0.0001).

Baseline LMA levels were weakly correlated to R1 LMA levels
(ry =0.421, P=0.013) but were strongly correlated to the other
restrictive LMA levels (R2 r; =0.742, P<0.0001; R3 r, =0.708,
P<0.0001; R4 r, =0.820, P<<0.0001; data not shown).

Baseline WRA levels, though not significantly correlated to R1
WRA levels (r=0.323, P=0.062) were strongly correlated to the
other restrictive days WRA levels (R2 r=0.725, P<<0.0001; R3
r=0.815, P<0.0001; R4 r=0.827, P<0.0001; data not shown).

Discussion

In the present study, using eleven inbred mouse strains, we
found that baseline WRA (physical activity) level was the strongest
factor to predict ABA susceptibility when compared to other
baseline factors, such as food intake and body weight. In rats,
baseline WRA and LMA (physical activity) levels were the only
factors to influence body weight loss. These findings support the
notion from retrospective studies in human AN indicating that
physical hyperactivity levels may precede anorexia nervosa onset
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Figure 1. Baseline (Base) body weight (BW) (A), food intake (Fl) (B), food intake corrected per body weight (FI/BW) (C) and wheel
running activity (WRA) levels (D). The data are presented as mean = SEM. The ranking for all graphs in this panel is based on baseline body
weight.

doi:10.1371/journal.pone.0050453.g001

and can also predict the physical activity levels during AN illness relevant trait. Genetic studies may be a good starting point, as
[14,19,29]. These findings provide novel opportunities to study initial genetic factors for general daily physical activity levels have
neurobiological mechanisms underlying this potential clinical been identified in animals [30,31,32,33,34] and in humans
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Figure 2. Percentage (PCT) of mice within each strain that was susceptible to activity based anorexia model (ABA) i.e. that could not
maintain the body weight above 85% of their baseline body weight.

doi:10.1371/journal.pone.0050453.g002

[35,36]. Genetic mapping studies in different genetic reference
populations have found a genetic locus on mouse chromosome 1
related to activity [37,38]. Furthermore, studies performed in our
laboratory have identified mouse chromosomes that contribute to
hyperactivity under scheduled food restriction conditions [28].
Next, specific genes coupled to specific components of physical
hyperactivity levels during limited food access [39]. Understanding
the neurobiological contributions of these genes to these
behavioural phenotypes may be a critical step forward in the
development of aetiology — directed treatment.

In addition, the interaction between physical activity levels and
food intake per body weight had initially a substantial effect on
ABA susceptibility in the inbred mouse strains. However, further
analysis revealed that this effect was mainly driven by the CAST

mouse strain which had the highest food intake per body weight
levels when compared to the other strains, and was also one of the
strains with the highest baseline activity levels. Similarly, the effect
of baseline food intake and highest food intake per body weight
became non-significant when FVB and NZW strains were taken
out of the analysis, respectively. Interestingly, FVB strain had the
highest FI levels among the inbred strains and was also one of the
strains with high baseline activity levels, while NZW strain had the
lowest FI/BW levels. These data suggests that individual mice with
high baseline food intake per body weight and high innate physical
activity levels have more difficulty to maintain body weight during
scheduled food availability than mice that were less active or had
lower food intake per body weight under baseline conditions.
Translating these mouse findings to human behaviour, they would
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Figure 3. Significant correlation between baseline wheel running activity (WRA) levels (x-axis) and restriction day 2 WRA levels (y-
axis) across individual mice (n=98) from 11 different mouse inbred strains (r; =0.767, P<0.0001).

doi:10.1371/journal.pone.0050453.g003
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suggest that patients with high pre-morbid activity levels and high
energy requirements are prone to lose weight at a higher rate in
the development of illness. Subsequently, with illness progression,
the basal metabolic rate decreases and the amount of energy spent
with any activity is less than that in normal controls [40].
Nevertheless, the physical activity levels do affect the rate of
recovery [16,17,18] indicating the importance of this trait as
a predictive factor as well as a factor affecting disease mainte-
nance.

The other baseline factors, such as body weight and food intake,
and their derivative food intake per body weight, also exhibited
a significant predictor effect on ABA susceptibility, in inbred
mouse strains but not in Wistar WU rats. However, in the inbred
strains, the magnitude of their predictive value was lower than that
of baseline physical activity levels. A closer look at body
composition data available in the existing literature, for inbred
mouse strains, showed that body fat percentage was similar to the
body weight range. The strains with high body weight had also the
highest fat percentage, while the rest of the strains had a similar
percentage around 20% [41]. These data, even though it was not
possible to directly statistically test their effect on ABA suscepti-
bility, suggest that body composition effect could be similar to that
of body weight with a low magnitude effect. Nonetheless, as pre-
morbid BW levels have been previously correlated in AN with the
BW at referral [42] and also at follow up [43] this may still be an
important predictive factor to consider. Interestingly, the relation-
ship between baseline body weight and ABA susceptibility was
strong in some of the mouse inbred strains tested and not present
in others (data not shown), suggesting that this could be
independent of their body composition (they were different in
body weight and fat percentages) and their levels of prediction may
depend on other factors related to their genetic background.

Although fat percentages were not very different between the
strains, circulating leptin levels could be different as leptin release
is associated to the fat cell size. Therefore, we were also interested
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if strain differences in leptin signalling may be related to physical
activity levels. While the leptin data for the eleven inbred mouse
strains are available only after a fat diet for several weeks [44], the
strain ranking pattern for leptin signalling was very different from
that of the strain ranking for physical activity levels in the present
study. Other metabolic factors such as insulin levels (after fat diet)
or glucose levels (baseline or after fat diet) [44] again did not show
a specific pattern that could be correlated to ABA susceptibility.
These data indicate that none of these metabolic factors is
a common factor that could explain the ABA susceptibility in these
inbred mouse strains.

The difference that we observe between the outbred rats and
mbred mouse strains in ABA susceptibility levels could be
attributed to the humane end point criteria, which is reached
sooner in mice (15% body weight loss) than in rats (25% body
weight loss).

Yet, Wistar WU rats lost weight during the restriction days and
apart from baseline physical activity levels, the other baseline
parameters did not have a significant effect on this body weight
loss. The derived FI/BW also did not have an effect and there was
no interaction with physical activity data. Interestingly, the present
study reveals that the relationship between baseline physical
activity levels and level of body weight loss in the ABA model is
observed in different rodent species (rats and mice).

Taken together, physical activity levels strongly predict ABA
susceptibility. The effect of physical activity levels on ABA
susceptibility in individual inbred mouse strains is dependent on
the genetic background. Baseline body weight and food intake are
in general less strong predictors of ABA susceptibility in inbred
mouse strains. The effect of body weight and food intake on ABA
susceptibility is sometimes strongly dominated by a single strain
(e.g. CAST mouse strain effect on the interaction between physical
activity levels and food intake per body weight and FVB mouse
strain effect on food intake). Literature search revealed no
common metabolic factor that could contribute to body weight
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loss in inbred strains. While further studies are necessary to
unravel the neurobiological mechanisms of these factors and their
interrelatedness, these findings and the retrospective AN studies on
physical activity levels suggest that pre-morbid physical activity
levels of each patient could already be taken into consideration as
a possible predictor of illness severity.
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